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Abstract
The exciton polariton (EP) is a half-light and half-matter quasiparticle that is promising for exploring both
fundamental quantum phenomena as well as photonic applications. Van der Waals materials, such as
transition-metal dichalcogenide (TMD), emerge as a promising nanophotonics platform due to its support of
long propagative EPs even at room temperature. However, real-space studies have been limited to bulk crystal
waveguides with a thickness no less than 60 nm. Here we report the nano-optical imaging of the transverse-
electric EPs in WSe2 nanoflakes down to a few atomic layers, which can be turned on and off by tuning the
polarization state of the excitation laser. Unlike previously studied transverse-magnetic modes that exist only
in bulk TMD waveguides, we found that the transverse-electric EPs could reside in ultrathin WSe2 samples,
owing to the alignment of the electric field with the in-plane dipole orientation of two-dimensional excitons.
Furthermore, we show that the EP wavelength and propagation length can be largely controlled by varying
laser energy and sample thickness. These findings open opportunities to realize near-infrared polaritonic
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The exciton polariton (EP) is a half-light and half-matter quasiparticle that is promising for exploring
both fundamental quantum phenomena as well as photonic applications. Van der Waals materials, such as
transition-metal dichalcogenide (TMD), emerge as a promising nanophotonics platform due to its support
of long propagative EPs even at room temperature. However, real-space studies have been limited to bulk
crystal waveguides with a thickness no less than 60 nm. Here we report the nano-optical imaging of the
transverse-electric EPs in WSe2 nanoflakes down to a few atomic layers, which can be turned on and off by
tuning the polarization state of the excitation laser. Unlike previously studied transverse-magnetic modes that
exist only in bulk TMD waveguides, we found that the transverse-electric EPs could reside in ultrathin WSe2
samples, owing to the alignment of the electric field with the in-plane dipole orientation of two-dimensional
excitons. Furthermore, we show that the EP wavelength and propagation length can be largely controlled by
varying laser energy and sample thickness. These findings open opportunities to realize near-infrared polaritonic
devices and circuits truly at the atomically thin limit.
DOI: 10.1103/PhysRevB.100.121301
Polaritons, which are hybrid light-matter quasiparticles,
have been widely explored in two-dimensional (2D) and
van der Waals materials in recent years [1–3]. For example,
graphene was discovered to support electrically tunable Dirac
plasmons with high confinement, long lifetime, broad spec-
tral range, and a strong sensitivity to molecular vibrational
modes [4–15]. Hexagonal boron nitride [16–19] and α-phase
molybdenum trioxide [20,21] nanoflakes were found to sup-
port hyperbolic phonon polaritons. Hybrid plasmon-phonon
polaritons have been observed in black phosphorus thin flakes
upon ultrafast photoexcitation [22]. These spatially confined
nanophotonic modes provide a convenient way for manipula-
tions of electromagnetic waves in the nanometer length scale.
Despite their unique properties, polaritons discussed above
are mainly in the terahertz to the mid-infrared (IR) region,
far away from the near-IR to visible frequencies where fiber-
based modern photonics technologies prevail. Recently, ex-
citon polaritons (EPs), formed due to the strong coupling
between photons and excitons [23–26], have been observed in
group VIB transition-metal dichalcogenides (TMDs) [27–36].
These EPs residing at the near-IR to visible regime are sta-
ble at room temperature due to the tightly bound excitons.
They have also been demonstrated to have relatively long
propagation lengths even at room temperature [35,36]. Such a
combination is appealing for developing practical polaritonic
devices. So far, propagative EPs have only been observed
*Corresponding author: zfei@iastate.edu
in bulk TMD waveguides, far away from the desirable 2D
regime, where excitons have stronger binding energy and are
more amenable to external controls (e.g., electrical gating and
interface engineering).
In this rapid communication, we report the observation of
EP transport in ultrathin WSe2 waveguides down to a few
atomic layers, imaging via the scattering-type scanning near-
field optical microscope (s-SNOM) excited by a continuous-
wave Ti:Al2O3 laser (see the Supplemental Material [37]).
Unlike common s-SNOM works where the incident laser
is p polarized (namely, electric field in the incident plane),
EPs observed here are excited by an s-polarized laser beam
(namely, electric field perpendicular to the incident plane)
[Fig. 1(b)]. To demonstrate that, we present in Fig. 1(c)
polarization-dependent s-SNOM images of a thin WSe2 flake
with a thickness of about 9 nm (∼13 atomic layers). In all
the s-SNOM images presented in the paper, we plot the scat-
tering near-field amplitude (s) that measures the electric-field
amplitude underneath the tip. The sample edge is along the y
direction, perpendicular to the incident laser beam. The laser
energy is set to be at E = 1.44 eV, lower than the A exciton
energy (EA ≈ 1.6 eV). From the top to the bottom panels of
Fig. 1(c), we tune the incident laser polarization from s to p
step by step by rotating a half-wave plate. The key features
in the top panels of Fig. 1(c) (close to the s polarization) are
the bright fringes parallel to the sample edge (marked by the
white dashed line). These fringes have the same period (ρ) in
all top panels and are completely turned off when switching
to the p polarization (bottom panel).
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FIG. 1. (a) Illustration of tip excitation of TE EPs in WSe2. (b) Sketch of the experimental setup, sample geometry, and signal collection.
(c) Polarization-dependent s-SNOM images of a 9-nm-thick WSe2 sample taken at an excitation energy of E = 1.44 eV. The white dashed
lines mark the edge of the sample. From top to the bottom, we tune the laser polarization step by step from s to p. (d), (e) COMSOL simulation
of transverse electric (TE) and transverse magnetic (TM) modes on the sample surface, respectively. The y- (py) or z-directional (pz) dipoles
used to excite the TE or TM modes are marked red at the sample center. The double-sided arrow in (d) marks the TE mode wavelength. Scale
bars: 1 μm.
The observed bright fringes are generated due to the in-
terference from photons collected from two paths [labeled
as “P1” and “P2” in Fig. 1(b)], where P2 involves in-
plane propagative modes [Fig. 1(b)] [35,36]. These tip-
launched in-plane modes propagate along the sample and
then get scattered into free-space photons at the sample edge,
which interfere with photons directly scattered by the tip,
thus forming interference fringes. Unlike thicker samples
(60 nm) in previous studies [35,36], the 9-nm-thick WSe2
sample studied here only show fringes when there is an s-
polarized component in the excitation field [top panels of
Fig. 1(c)]. In the case of pure p-polarized excitation [bottom
panel of Fig. 1(c)], no fringes are observed. This implies that
the observed fringes are solely due to transverse electric (TE)
modes, namely the electric field is along the y direction and
perpendicular to the propagation direction of the mode.
Based on the origin of the fringe formation described
above, we performed a quantitative analysis of the TE mode
to extract the mode wavelength (λep). By evaluating the
phase difference between photon paths P1 and P2, the fringe
period (ρ) of the measured fringes in the current experimental
configuration [see Fig. 1(b)] has a simple relationship with λep
(see the Supplemental Material [37]):
λ0/ρ ≡ kρ/k0 ≈ λ0/λep − cos α, (1)
where λ0 is the excitation laser wavelength, kρ = 2π/ρ is the
inverse fringe period, and α ≈ 30° is the incident angle of
the laser beam relative to the sample plane (x-y plane). The
fringe period in Fig. 1(c) is about 1.63 μm, so the wavelength
of these in-plane modes is about 617 nm at E = 1.44 eV
according to Eq. (1).
To further confirm the TE nature of the observed modes, we
performed finite-element simulations of a 9-nm-thick WSe2
thin layer with COMSOL Multiphysics. In the modeling,
we used y- and z-directional dipoles to simulate the s- and
p-polarized tips, which can excite, respectively, the TE and
transverse magnetic (TM) modes in the device. In Figs. 1(d)
and 1(e), we plot the y- or z-directional electric field com-
ponents (Ey and Ez) on the sample surface to reveal the TE
and TM modes. The sample was set to be a highly symmetric
circular shape in the model for efficient computation. Unlike
the p-polarized tip that can be treated approximately as a point
dipole, the s-polarized tip behaves like an extended dipole (see
Supplemental Material [37]). In Fig. 1(d), one can see that the
TE mode with a wavelength of about 620 nm (marked by a red
arrow) propagating away from the dipole, which is consistent
with the experimental result discussed above. In addition, we
found that the TE mode pattern shows clear anisotropy: the
TE mode favors propagating along the x direction over the y
direction. This is expected for an extended in-plane dipole,
which excites approximately a plane-wave mode close to the
source and only shows significant radial decay when it is far
away [Fig. 1(d)]. In the case of pz dipole excitation [Fig. 1(e)],
there is no clear mode forming inside the 9-nm-thick WSe2
sample, which is consistent with our experimental findings
[Fig. 1(c)].
Following the polarization-dependence study, we wish to
examine the polariton nature of the observed TE mode.
In Fig. 2, we present s-SNOM images and line profiles
taken with different excitation laser energy E . The line pro-
files [Fig. 2(b)] were extracted directly from the images in
Fig. 2(a). Here the peaks in the line profiles correspond to
the bright fringes in the data images. From both the images
and profiles, one can see that the fringe period ρ evolves sys-
tematically with E . With Fourier analysis, we can determine
the inverse fringe period kρ = 2π/ρ [marked by arrows in
Fig. 3(a)], and hence λ0/ρ ≡ kρ/k0, where k0 = 2π/λ0 is the
free-space photon wave vector. We can then obtain λ0/λep that
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FIG. 2. (a) Near-field amplitude images of a 9-nm-thick WSe2
flake at various excitation energies. The white dashed lines mark
the edge of the sample. Scale bar: 2 μm. (b) Energy-dependent line
profiles taken perpendicular to the sample edge from the data images
in (a).
equals to λ0/ρ + 0.866 based on Eq. (1). Note that λ0/λep
is equal to the normalized in-plane mode wave vector kep/k0,
where kep = 2π/λep. Based on the Fourier transform results in
Fig. 3(a), we obtained the (kep/k0, E ) data points that describe
the dispersion relation of the measured TE mode. As shown in
Fig. 3(b), these data points are consistent with the calculated
dispersion relation revealed in the dispersion color map. In
FIG. 3. (a) Fourier transform (FT) of the fringe profiles in
Fig. 2(b). The blue arrows mark the resonance peak due to the EP
mode. Additional peaks at small kρ are due to far-field photons.
(b) Dispersion diagram of the EPs in the 9-nm-thick WSe2 sample
from both experiment (squares) and calculation (color map). The
color map plots the photonic density of states (DOS). The blue
dashed curve is a guide to the eye. Note that the unit for the wave
vector k is the free-space photon wave vector k0.
FIG. 4. (a) Energy-dependent propagation length of the EPs (Lep)
from both experiment (squares) and simulation (red solid and blue
dashed curves for two types of devices, see discussions in the main
text). (b) The imaginary part of the dielectric function of WSe2 (ε2,
grey curve) from Beal et al. [40]. The color dashed curves sketch
separately the contributions to ε2 from A (red), B (blue), and C
(orange) excitons, and the background absorption continuum (green).
the color map, we plot the imaginary part of the s-polarized
reflection coefficient, which reflects the TE photonic density
of states (DOS) (see the Supplemental Material [37]). Both the
experimental and theoretical dispersion relations in Fig. 3(b)
reveals a clear mode back-bending feature (marked by a blue
dashed curve) as E goes through the exciton energy EA. In
comparison, the pure TE photonic mode of the bare SiO2/Si
substrate appears to be a straight line (Fig. S2). The observed
back-bending dispersion is the hallmark of polaritons mea-
sured by fix-energy measurements (e.g., imaging or angular
scans) [35,38,39]. Anticrossing polariton dispersion, on the
other hand, is obtained mainly through fixed-momentum spec-
troscopy measurements [24–34].
In addition to the fringe period, the fringe decay also shows
a sensitive dependence on the excitation energy E . Clearly,
the fringes extend further into the sample interior at lower ex-
citation energies, indicating longer propagation length Lep ≡
1/[2Im(kep)] of the EPs. For quantitative analysis, we plot in
Fig. 4(a) the extracted Lep of the EPs by fitting the decay trend
of the fringe profiles in Fig. 2(b) (see Fig. S9 in the Supple-
mental Material [37]). In Fig. 4(a), we also plot the calculated
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Lep from COMSOL simulations (red curve), which agrees
well with experimental data points. Representative COMSOL
simulation maps are shown in Fig. S5 of the Supplemental
Material [37], where EPs are propagating from the left to the
right as plane waves. From Fig. 4(a), one can see that Lep drops
rapidly as E gets closer to or above the A exciton energy EA.
The increased damping of EPs at higher E is mainly due
to the optical absorption by the WSe2 sample layer, which is
directly linked to the imaginary part of the in-plane dielectric
function ε2(E ). Indeed, our simulations prove that Lep scales
monotonically with 1/ε2 (Fig. S11 in the Supplemental Mate-
rial [37]). For further discussions, we plot in Fig. 4(b) energy-
dependent ε2 data (grey curve) adopted from Ref. [40]. In the
same plot, we decompose ε2 into different contributions: A,
B, and C excitons, and the background absorption continuum
mainly due to strong interband transitions peaked at around 3
eV [40]. The A, B, and C exciton resonances are constructed
with standard Lorentzian oscillators peaked at about 1.60,
2.16, and 2.57 eV, respectively. The background absorption
continuum is obtained by subtracting the exciton resonances
from the ε2 data [41].
From Fig. 4(b), one can see that A exciton broadening is
responsible for the EP damping below the A exciton energy
EA ≈ 1.6 eV. According to previous studies [42,43], exciton
broadening is mainly due to the scattering of excitons with
both longitudinal optical phonons and acoustic phonons. As
E increases above EA, background continuum mainly due to
interband transitions is the dominant damping source with ad-
ditional contribution from the B excitons. Therefore, the lower
energy polariton branch (E < EA) is preferred for practical
applications related to EP transport. As discussed below, the
other key damping mechanism of the EPs in the current WSe2
devices is radiative decay into the silicon substrate that shows
a clear dependence on WSe2 thickness.
Finally, we found that TE EPs can be tailored by varying
the sample thickness. In Fig. 5(a), we plot the s-polarized
near-field amplitude images of WSe2 with various thick-
nesses. The laser energy was set to be E = 1.38 eV below the
exciton resonance and the sample thickness varies from 33
to 3 nm. The corresponding line profiles taken perpendicular
to the sample edge are shown in Fig. 5(b). From both the s-
SNOM images and profiles, one can see that the fringe period
ρ increases systematically with decreasing sample thickness.
Based on the fringe period data measured from Figs. 5(a)
and 5(b), we extracted the EP wavelength λep with Eq. (1).
The thickness-dependent λep is shown in Fig. 5(c) (squares),
where λep varies from 440 to 770 nm for sample thicknesses
from 33 to 3 nm. Stronger mode confinement and higher-order
modes could be seen in even thicker samples (see Fig. S3 in
the Supplemental Material [37]). In Fig. 5(c), we also plot
the calculated λep (red curve) based on COMSOL simulations
(see Fig. S5 in the Supplemental Material [37]), which is
consistent with experimental data points.
Figures 5(a) and 5(b) also show a clear dependence of
the propagation length Lep of EPs on sample thickness. By
fitting the decaying trend of polariton fringes in Fig. 5(b)
(see Fig. S10 in the Supplemental Material [37]), we were
able to extract the thickness dependent Lep [black squares
in Fig. 5(d)] at E = 1.38 eV, which is consistent with the
calculated Lep [red curve in Fig. 5(d)] based on COMSOL
FIG. 5. (a), (b) The near-field amplitude images and fringe pro-
files of the EPs in WSe2 thin layers with various thicknesses. The
vertical dashed lines in (a) mark the edge of the sample. Scale bar: 1
μm. (c), (d) Experimental (squares) and calculated (red solid and
blue dashed curves for two types of devices, see discussions in
the main text) EP wavelength λep and propagation length Lep with
various WSe2 thicknesses. In all panels, the excitation energy is
E = 1.38 eV.
simulations (Fig. S5). From Fig. 5(d), one can see that Lep
reaches over 10 μm in samples thicker than 30 nm in the
current sample geometry but drops rapidly to less than 2 μm
in WSe2 atomic layers. The main damping mechanism here
in the atomic-layer samples is due to radiative decay into the
silicon substrate. As shown in Fig. S5(b) in the Supplemental
Material [37], the EP mode is better confined to the sample
layer (marked by black arrows) in thicker WSe2 samples due
to the smaller λep, so radiative decay into silicon is weaker. As
for thinner samples, less confined EPs leads to stronger decay
into silicon. To suppress the radiative decay, replacing silicon
with noble metals is a good solution. As demonstrated in
Figs. 4(a) and 5(d), if replacing silicon with silver (Ag), Lep is
orders of magnitude higher and could reach 100 μm, sufficient
for general nanophotonic device applications. Note that using
silver substrate instead of silicon has negligible modifications
on the EP mode pattern (see Fig. S6 in the Supplemental
Material [37]) and thus the EP wavelength [Fig. 5(c)].
By applying s-SNOM under s-polarized laser excitations,
we imaged TE EPs in ultrathin WSe2 nanoflakes. We found
that the TE modes couple strongly with excitons due to the
in-plane orientation of the electric field. As a result, TE
EPs are observed in WSe2 samples down to a few atomic
layers and can be turned on and off via laser polarization
control. In addition, we showed that the polariton wavelength
varies dramatically with sample thickness, which points to
an effective means to tailor the EPs in TMDs. Furthermore,
we found that TE EPs in WSe2 can propagate over many
microns below the A exciton energy. Implementation of a
metal substrate that shields radiative decay could, in principle,
increase Lep to over 100 μm at ambient conditions. With
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rigorous analysis and quantitative simulations, we uncover
fully the nano-optical physics related to the observed real-
space characteristics of the TE EPs in WSe2. Our work paves
the way for future studies of active tunability of propagative
EPs in TMD atomic layers and sheds light on applications of
WSe2 in polaritonic transistors and modulators in the near-
infrared telecommunication bands.
Work done at Ames Laboratory was supported by the
U.S. Department of Energy, Office of Basic Energy Sci-
ence, Division of Materials Sciences and Engineering. Ames
Laboratory is operated for the U.S. Department of Energy
by Iowa State University under Contract No. DE-AC02-
07CH11358. The nano-optical imaging setup was partially
supported by the W. M. Keck Foundation. The work at the
University of Washington was supported by the U.S. Depart-
ment of Energy, Basic Energy Sciences, Materials Sciences
and Engineering Division (DE-SC0018171) and partially sup-
ported by AFOSR FA9550-18-1-0104 via CHL. The work at
Oak Ridge National Laboratory (J.Y. and D.G.M.) was sup-
ported by the U.S. Department of Energy, Office of Science,
Basic Energy Sciences, Materials Sciences and Engineering
Division.
F.H. and Y.L. contributed equally to this work.
[1] F. Xia, H. Wang, D. Xiao, M. Dubey, and A.
Ramasubramaniam, Nat. Photonics 8, 899 (2014).
[2] D. N. Basov, M. M. Fogler, and F. J. García de Abajo, Science
354, aag1992 (2016).
[3] T. Low, A. Chaves, J. D. Caldwell, A. Kumar, N. X. Fang,
P. Avouris, T. F. Heinz, F. Guinea, L. Martin-Moreno, and F.
Koppens, Nat. Mater. 16, 182 (2017).
[4] Z. Fei, A. S. Rodin, G. O. Andreev, W. Bao, A. S. McLeod, M.
Wagner, L. M. Zhang, Z. Zhao, M. Thiemens, G. Dominguez,
M. M. Fogler, A. H. Castro Neto, C. N. Lau, F. Keilmann, and
D. N. Basov, Nature (London) 487, 82 (2012).
[5] J. Chen, M. Badioli, P. Alonso-González, S. Thongrattanasiri,
F. Huth, J. Osmond, M. Spasenovic´, A. Centeno, A. Pesquera,
P. Godignon, A. Z. Elorza, N. Camara, F. J. García de Abajo,
R. Hillenbrand, and F. H. L. Koppens, Nature (London) 487, 77
(2012).
[6] A. Woessner, M. B. Lundeberg, Y. Gao, A. Principi, P. Alonso-
González, M. Carrega, K. Watanabe, T. Taniguchi, G. Vignale,
M. Polini, J. Hone, R. Hillenbrand, and F. H. L. Koppens,
Nat. Mater. 14, 421 (2015).
[7] J. A. Gerber, S. Berweger, B. T. O’Callahan, and M. B.
Raschke, Phys. Rev. Lett. 113, 055502 (2014).
[8] G. X. Ni, A. S. McLeod, Z. Sun, L. Wang, L. Xiong, K. W. Post,
S. S. Sunku, B.-J. Jiang, J. Hone, C. R. Dean, M. M. Fogler, and
D. N. Basov, Nature (London) 557, 530 (2018).
[9] L. Ju, B. Geng, J. Horng, C. Girit, M. Martin, Z. Hao,
H. A. Bechtel, X. Liang, A. Zettl, Y. R. Shen, and F. Wang,
Nat. Nanotechnol. 6, 630 (2011).
[10] H. Yan, X. Li, B. Chandra, G. Tulevski, Y. Wu, M. Freitag, W.
Zhu, P. Avouris, and F. Xia, Nat. Nanotechnol. 7, 330 (2012).
[11] V. W. Brar, M. S. Jang, M. Sherrott, J. J. Lopez, and H. Atwater,
Nano Lett. 13, 2541 (2013).
[12] Z. Fang, S. Thongrattanasiri, A. Schlather, Z. Liu, L. Ma, Y.
Wang, P. Ajayan, P. Nordlander, N. J. Halas, and F. J. Garcia de
Abajo, ACS Nano 7, 2388 (2013).
[13] H. Hu, F. Zhai, D. Hu, Z. Li, B. Bai, X. Yang, and Q. Dai,
Nanoscale 7, 19493 (2015).
[14] D. Rodrigo, O. Limaj, D. Janner, D. Etezadi, F. Javier
García de Abajo, V. Pruneri, and H. Altug, Science 349, 165
(2015).
[15] H. Hu, X. Yang, F. Zhai, D. Hu, R. Liu, K. Liu, Z. Sun, and Q.
Dai, Nat. Commun. 7, 12334 (2016).
[16] S. Dai, Z. Fei, Q. Ma, A. S. Rodin, M. Wagner, A. S. McLeod,
M. K. Liu, W. Gannett, W. Regan, K. Watanabe, T. Taniguchi,
M. Thiemens, G. Dominguez, A. H. Castro Neto, A. Zettl, F.
Keilmann, P. Jarillo-Herrero, M. M. Fogler, and D. N. Basov,
Science 343, 1125 (2014).
[17] J. D. Caldwell, A. V. Kretinin, Y. Chen, V. Giannini, M. M.
Fogler, Y. Francescato, C. T. Ellis, J. G. Tischler, C. R. Woods,
A. J. Giles, M. Hong, K. Watanabe, T. Taniguchi, S. A. Maier,
and K. S. Novoselov, Nat. Commun. 5, 5221 (2014).
[18] Z. Shi, H. A. Bechtel, S. Berweger, Y. Sun, B. Zeng, C. Jin,
H. Chang, M. C. Martin, M. B. Raschke, and F. Wang, ACS
Photonics 2, 790 (2015).
[19] E. Yoxall, M. Schnell, A. Y. Nikitin, O. Txoperena, A.
Woessner, M. B. Lundeberg, F. Casanova, L. E. Hueso, F. H.
L. Koppens, and R. Hillenbrand, Nat. Photonics 9, 674 (2015).
[20] Z. Zheng, J. Chen, Y. Wang, X. Wang, X. Chen, P. Liu, J. Xu,
W. Xie, H. Chen, S. Deng, and N. Xu, Adv. Mater. 30, 1705318
(2018).
[21] W. Ma, P. Alonso-González, S. Li, A. Y. Nikitin, J. Yuan, J.
Martín-Sánchez, J. Taboada-Gutiérrez, I. Amenabar, P. Li, S.
Vélez, C. Tollan, Z. Dai, Y. Zhang, S. Sriram, K. Kalantar-
Zadeh, S.-T. Lee, R. Hillenbrand, and Q. Bao, Nature (London)
562, 557 (2018).
[22] M. A. Huber, F. Mooshammer, M. Plankl, L. Viti, F. Sandner,
L. Z. Kastner, T. Frank, J. Fabian, M. S. Vitiello, T. L. Cocker,
and R. Huber, Nat. Nanotechnol. 12, 207 (2017).
[23] J. J. Hopfield, Phys. Rev. 112, 1555 (1958).
[24] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun,
J. M. Keeling, F. M. Marchetti, M. H. Szyman´ska, R. André,
J. L. Staehli, V. Savona, P. B. Littlewood, B. Deveaud, and L. S.
Dang, Nature (London) 443, 409 (2006).
[25] H. Deng, H. Haug, and Y. Yamamoto, Rev. Mod. Phys. 82, 1489
(2010).
[26] H. M. Gibbs, G. Khitrova, and S. W. Koch, Nature (London)
Photon. 5, 273 (2011).
[27] X. Liu, T. Galfsky, Z. Sun, F. Xia, E. Lin, Y.-H. Lee, S. Kéna-
Cohen, and V. M. Menon, Nat. Photon. 9, 30 (2015).
[28] S. Dufferwiel, S. Schwarz, F. Withers, A. A. P. Trichet, F.
Li, M. Sich, O. Del Pozo-Zamudio, C. Clark, A. Nalitov, D.
D. Solnyshkov, G. Malpuech, K. S. Novoselov, J. M. Smith,
M. S. Skolnick, D. N. Krizhanovskii, and A. I. Tartakovskii,
Nat. Commun. 6, 8579 (2015).
121301-5
F. HU et al. PHYSICAL REVIEW B 100, 121301(R) (2019)
[29] N. Lundt, S. Klembt, E. Cherotchenko, S. Betzold, O. Iff, A. V.
Nalitov, M. Klaas, C. P. Dietrich, A. V. Kavokin, S.
Höfling, and C. Schneider, Nat. Commun. 7, 13328
(2016).
[30] L. C. Flatten, Z. He, D. M. Coles, A. A. P. Trichet, A. W. Powell,
R. A. Taylor, J. H. Warner, and J. M. Smith, Sci. Rep. 6, 33134
(2016).
[31] Q. Wang, L. Sun, B. Zhang, C. Chen, X. Shen, and W. Lu,
Opt. Express 24, 7151 (2016).
[32] Y. J. Chen, J. D. Cain, T. K. Stanev, V. P. Dravid, and N. Stern,
Nat. Photonics 11, 431 (2017).
[33] S. Dufferwiel, T. P. Lyons, D. D. Solnyshkov, A. A.
P. Trichet, F. Withers, S. Schwarz, G. Malpuech, J.
M. Smith, K. S. Novoselov, M. S. Skolnick, D. N.
Krizhanovskii, and A. I. Tartakovskii, Nat. Photonics 11, 497
(2017).
[34] L. Zhang, R. Gogna, W. Burg, E. Tutuc, and H. Deng,
Nat. Commun. 9, 713 (2018).
[35] F. Hu, Y. Luan, M. E. Scott, J. Yan, D. G. Mandrus, X. Xu, and
Z. Fei, Nat. Photonics 11, 356 (2017).
[36] M. Mrejen, L. Yadgarov, A. Levanon, and H. Suchowski,
Sci. Adv. 5, eaat9618 (2019).
[37] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.100.121301 for experimental details and
additional data and modelings.
[38] E. Schuller, H. J. Falge, and G. Borstel, Phys. Lett. A 54, 317
(1975).
[39] E. T. Arakawa, M. W. Williams, R. N. Hamm, and R. H. Ritchie,
Phys. Rev. Lett. 31, 1127 (1973).
[40] A. R. Beal, W. Y. Liang, and H. P. Hughes, J. Phys. C 9, 2449
(1976).
[41] A. R. Beal and W. Y. Liang, J. Phys. C 9, 2459 (1976).
[42] S. Rudin, T. L. Reinecke, and B. Segall, Phys. Rev. B 42, 11218
(1990).
[43] A. Arora, M. Koperski, K. Nogajewski, J. Marcus, C. Faugeras,
and M. Potemski, Nanoscale 7, 10421 (2015).
121301-6
